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Introduction {#sec1}
============

The median eminence (ME) as a circumventricular organ plays a major role as a blood-brain barrier (BBB)-permeable site between the periphery of the organism and the central nervous system (CNS). First, it is the site where neuronal axon terminals release secreted peptides and transmitters into the portal capillary system ([@bib8]). Second, it can transport blood-borne signals to their target regions in the brain ([@bib38], [@bib48]). The key structures of this barrier are composed of tanycytes and fenestrated microvessel loops ([@bib46]). Tanycytes are unique cell types, which are specialized ependymal cells lining the floor of the third ventricle. They elongate single and long basal processes to either the external part of the ME or into the neighboring brain tissue, such as the mediobasal hypothalamus ([@bib40]). Another functionally important compartment of the ME is formed by a network of fenestrated capillary loops ([@bib7]). These long loops are mainly surrounded by ME tanycyte terminals and neurosecretory endings of neuroendocrine neurons. This discrete structure makes the ME stand out as an important gate for "brain-peripheral crosstalk." In previous studies, it was found that the ME undergoes feeding-state-dependent-plasticity by tanycyte-derived vascular endothelial growth factor A (VEGFA) release ([@bib32]). However, this model leaves open the question of whether internal-state-dependent modulation of neurons may also, in turn, contribute to state-dependent regulation of ME barrier plasticity.

Interestingly, two recent studies showed that melanin-concentrating hormone (MCH)-expressing neurons through projection sites around the third ventricle regulate the flow of the cerebrospinal fluid (CSF) and feeding behavior ([@bib9], [@bib41]). MCH neurons are distributed exclusively in the lateral hypothalamus (LH) and the zona incerta (ZI) of the brain ([@bib2]). Abundant experiments, i.e., either intracerebroventricular (i.c.v.) injection of MCH or overexpression and knockout of MCH, all point toward a critical regulatory function of MCH neurons in the integrated control of food intake, locomotor activity, and systemic glucose homeostasis ([@bib21], [@bib35], [@bib36], [@bib47]). Besides their role in the control of energy homeostasis, electrophysiological recordings of MCH neurons across sleep cycles and specific optogenetic manipulation of MCH neurons revealed that MCH neurons were firing more actively during rapid eye movement (REM) sleep cycles ([@bib20]) and through different projection sites across the brain, MCH neuron activation increased REM sleep ([@bib29]). Collectively, these studies define the MCH neurocircuitry as a highly interconnected system within and beyond the hypothalamus ([@bib11], [@bib28]), integrating the regulation of energy homeostasis and sleep.

Here, we identify dense projections of MCH neurons from the LH and ZI to the ME region. These findings provoked the question of whether MCH neurons may modulate the ME barrier contributing to the regulation of blood-borne hormone accessibility to the hypothalamus and, thus, may have broader effects on metabolic control. By using several transgenic mouse lines for visualization as well as chemogenetic and optogenetic activation of MCH neurons, we demonstrate that these integral regulators of metabolism and sleep also control the accessibility of the mediobasal hypothalamus for blood-borne signals, as exemplified by leptin. Thus, our study adds an important mechanism to the action of MCH neurons in the regulation of energy homeostasis besides classical synaptic as well as volume transmission.

Results {#sec2}
=======

MCH Neurons Provide Dense Projections to the ME and Closely Contact Tanycytes and Fenestrated Capillaries {#sec2.1}
---------------------------------------------------------------------------------------------------------

To investigate the projection patterns of MCH neurons, we used two different MCH neuron reporter mouse lines. First, we generated mice, which express channelrhodopsin 2 (ChR2) fused to enhanced yellow fluorescent protein (eYFP) in MCH neurons including their projections by crossing MCH^Cre^ mice with those allowing for Cre-dependent expression of ChR2-eYFP from the ROSA26 locus. Here, we found that ChR2-eYFP-marked MCH neuron projections were readily detected in the ME ([Figure 1](#fig1){ref-type="fig"}A; [Figure S1](#mmc1){ref-type="supplementary-material"}). To visualize whether there were potential contacts between MCH neuron projections and tanycytic processes, we performed double immunolabeling for eYFP and vimentin in ME sections from ChR2-eYFP^MCH^ mice. Indeed, MCH neuron terminals closely contact tanycytic processes, as resolved by confocal microscopy ([Figure 1](#fig1){ref-type="fig"}A). To investigate whether these projections from MCH neurons represented synaptic terminals, we crossed MCH^Cre^ mice with animals, which allowed for Cre-dependent expression of a synaptophysin-tdTomato fusion protein from the ROSA26 locus. Here, immunostaining for tdTomato allowed visualization of synaptic vesicles in presynaptic sites of MCH neurons. Coimmunolabeling for synaptophysin-tdTomato and vimentin confirmed abundant MCH neuron terminals in close proximity to tanycyte processes ([Figure 1](#fig1){ref-type="fig"}B).Figure 1MCH Neuron Projections in the ME(A) Immunohistochemistry using anti-Vimentin (red) and anti-GFP antisera (green) in ARC/ME sections of ChR2-eYFP^MCH^ mice; (a1)--(a)5 show enlarged exemplary regions from the ME region depicted in (A).(B) Immunohistochemistry using anti-Vimentin (green) and anti-tdTomato (red) in ARC/ME sections of Synaptophysin-tdTomato^MCH^ mice; (b1)--(b4) show enlarged exemplary regions from the ME region depicted in (B).(C) Immunohistochemistry using lectin (green) and anti-tdTomato (red) in ARC/ME sections of Synaptophysin-tdTomato^MCH^ mice; (c1) and (c2) show enlarged exemplary regions from the ME region depicted in (C). Dashed white square in (c1) and (c2) show the close contact between lectin-positive vessels and MCH neuron terminals.(D) Electron microscopy of the ME sections in Synaptophysin-tdTomato^MCH^ mice. Tanycytic processes are marked in yellow, as defined by their elongated mitochondria; the presence of electron-dense cytoskeletal bundles as well as glycogen storage and MCH nerve terminals are marked in green that contain silver-amplified highly electron-dense particles (d1--d4). (d5) and (d6) taken from external zone of ME, where neuroendocrine terminals reach close proximity to the pericapillary space (p.s., light pink) of the pituitary portal vessel (dark pink) capillary plexus (Cap.). The two arrows in the bottom left panel show a fenestration in the endothelium. In (d6), the black arrowhead shows a tomato-immunoreactive nerve terminal (green) contacting the parenchymatous basal lamina delineating the pericapillary space; the white arrowhead shows a thin tanycytic process (yellow) inserted between the MCH nerve terminal (green) and the basal lamina. Scale bars: 10 μm in (A), 20 μm in (B), 20 μm in (C), and 2 μm in (D).

To define potential structural contacts between MCH neuron projections and another important component of the ME, i.e., fenestrated capillary loops, double-labeled staining for lectin-marked vascular cells and tdTomato in Synaptophysin-tdTomato^MCH^ mice showed that, in the external region of the ME, MCH neuron synaptic terminals were densely distributed in close proximity to capillary loops ([Figure 1](#fig1){ref-type="fig"}C).

Due to the resolution limitations of confocal microscopy, we could not further define the exact structural contacts between MCH neurons and ME structures by using this technology. To further address this question, we performed electron microscopy (EM) for visualization of the ultrastructural contacts of MCH neurons and ME components. Here, we found that MCH neuron terminals, which contained silver-amplified highly electron-dense particles by immunolabeled tdTomato staining of Synaptophysin-tdTomato^MCH^ mice, were indeed closely located around tanycytic processes in the ME ([Figure 1](#fig1){ref-type="fig"}D). In addition, in the external zones of the ME, MCH neurons had terminals, which were close to the pericapillary space ([Figure 1](#fig1){ref-type="fig"}D, d5) and even contacted the parenchymatous basal lamina ([Figure 1](#fig1){ref-type="fig"}D, d6).

Collectively, MCH neurons provide projections to the ME and have close structural contact with both tanycytic processes and the vascular wall containing the fenestrated capillaries. These anatomical findings indicate a potential functional interaction of MCH neurons with key components of the ME in control of ME barrier permeability.

Chemogenetic Activation of MCH Neurons Increases Permeability of the ME Barrier and Promotes Increased Fenestration of Microvessels {#sec2.2}
-----------------------------------------------------------------------------------------------------------------------------------

Previous studies had shown that fasting induces increased fenestration of ME microvessel loops to the arcuate nucleus of the hypothalamus (ARC) and tight-junction-complex reorganization of tanycytes in the ARC ([@bib32]). To address whether the observed structural contacts of MCH neurons with critical barrier components in the ME could functionally alter the permeability of the ME barrier, we investigated the effect of chemogenetic activation of these neurons on ME barrier permeability. To this end, mice that allowed for chemogenetic activation through transgenic expression of the activatory DREADD (Designer Receptors Exclusively Activated by Designer Drugs) receptor hM3Dq in MCH neurons (hM3Dq^MCH^ mice) were injected with 1% Evans blue dye into the tail vein to mimic access of peripheral signals to the ARC through the ME barrier. Analysis of dye distribution in the ARC revealed that activation of MCH neurons evoked a clear enhancement of Evans blue diffusion in the ARC compared to fasted and 4-h clozapine-N-oxide (CNO)-treated control mice, which did not express the DREADD receptor (hM3Dq^WT^) ([Figures 2](#fig2){ref-type="fig"}A, 2B, and [S1](#mmc1){ref-type="supplementary-material"}). Importantly, Evans blue diffusion did not differ between vehicle-treated hM3Dq^MCH^ and hM3Dq^WT^ mice, further supporting that the observed increase in ME permeability was the specific result of chemogenetic MCH neuron activation ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B).Figure 2Chemogenetic Activation of MCH Neurons Enhances the Permeability of the ME Barrier(A) Representative images of Evans blue dye diffusion into the ARC region of fasted and 4-h CNO-injected control and hM3Dq^MCH^ mice.(B) Quantification of Evans blue dye diffusion upon CNO treatment of control (n = 5) and hM3Dq^MCH^ mice (n = 7). Bar graphs represent the min to max value, the mean value is marked as "+". Statistical analysis: unpaired Student's t test, ^∗^p \< 0.05.

To investigate whether the observed changes in ME permeability represent a direct consequence of MCH neuron activation or may occur secondarily to metabolic changes induced by MCH neuron stimulation, we determined circulating insulin, leptin, ghrelin, and corticosterone concentrations as well as performed insulin and glucose tolerance tests in CNO-treated hM3Dq^MCH^ and hM3Dq^WT^ mice. These analyses revealed no changes in circulating energy-state-sensing hormones between the two groups of mice ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3D). Similarly, chemogenetic MCH neuron activation had no effect on insulin sensitivity and glucose tolerance ([Figures S3](#mmc1){ref-type="supplementary-material"}E and S3F). Taken together, the results show that the observed increase in ME permeability upon chemogenetic MCH neuron activation occurred in the absence of major metabolic alterations.

To investigate whether this increase in ME barrier permeability as a consequence of activating MCH neurons was accompanied by structural changes of the ME barrier, we then examined two key structures underlying this regulation, i.e., the quantity of fenestrated microvessel loops, as assessed by immunohistochemical staining for MECA-32, and the formation of tanycyte tight-junction-complexes, as assessed via ZO-1 immunohistochemistry. We found a clear increase of MECA-32-marked fenestrated microvessel loops in CNO-treated hM3Dq^MCH^ mice compared to CNO-treated control animals in both the ARC and ME ([Figures 3](#fig3){ref-type="fig"}A and 3B). In contrast, there were no differences detectable in ZO-1-marked tight junction complexes, which exhibited the classical honeycomb-like pattern of organization in the ventromedial ARC ([Figures 3](#fig3){ref-type="fig"}A and 3C). Together, these findings indicate that activation of MCH neurons promotes increased ME permeability and that this effect is accompanied by structural alterations of fenestrated capillaries in the ME and the ARC.Figure 3Chemogenetic Activation of MCH Neurons Enhances the Permeability of the ME Barrier through Increased Fenestration of Microvessel Loops(A) Representative images of anti-MECA-32 (red), anti-tight-junction-1 (ZO-1, green), and anti-Vimentin (white) immunoreactivity in the ME region. The left image shows a hemisection of a CNO-treated control animals and the right show a hemisection of a CNO-treated hM3Dq^MCH^ mouse.(B and C) Quantification of number of MECA-32-marked microvessel loops (B) d and ZO-1-marked tight junction complexes (C) in both the ME and the ARC region of fasted and CNO treatment of control (n = 6--10) and hM3Dq^MCH^ mice (n = 9--11).(D) Light microscopy image showing the capillaries illustrated in (E) (white square) in a 1-μm-thick semithin section.(E) Representative electron microscopy image showing two fenestrated capillaries (see fenestrae shown by arrows in insets 1 and 2) in the ventromedial ARC of a CNO-treated hM3Dq^MCH^ mice.(F) Quantification of capillary fenestration upon fasted and CNO-treated control (n = 4) and hM3Dq^MCH^ mice (n = 4). Bar graphs represent the min to max value, the mean value is marked as "+". Statistical analysis: unpaired Student's t test, ^∗^p \< 0.05.

To further investigate the structural alterations of microvessels in the ARC upon chemogenetic MCH neuron activation, we assessed the fenestration of ME microvessel loops reaching the ventromedial ARC directly by EM-based imaging. This analysis revealed a clear enhancement of microvessel loop fenestration upon chemogenetic MCH neuron activation ([Figures 3](#fig3){ref-type="fig"}D--3F).

Taken together, our results reveal that chemogenetic MCH neuron activation enhances microvessel fenestration in the ME and the ARC.

Chemogenetic Activation of MCH Neurons Increases Leptin Action {#sec2.3}
--------------------------------------------------------------

To test whether the MCH-neuron-dependent changes in ME structure and permeability potentially also translate into an altered ability of energy-state-sensing hormones to access the ARC, we next performed leptin sensitivity experiments in hM3Dq^MCH^ mice and control littermates. Both groups of animals were treated with CNO 4 h before an intraperitoneal (i.p.) injection of vehicle or leptin. CNO administration upon subsequent vehicle treatment in 16-h fasted hM3Dq^MCH^ mice resulted in an increase in food intake upon refeeding compared to control mice ([Figure S4](#mmc1){ref-type="supplementary-material"}A). These findings are consistent with previous studies revealing increased food intake upon chemogenetic activation of MCH neurons ([@bib41]). However, this effect was not detectable after 4 h of refeeding ([Figure S4](#mmc1){ref-type="supplementary-material"}B).

Next, we investigated the food intake suppressive effect of a single i.p. injection of leptin in CNO-treated hM3Dq^MCH^ mice and control littermates. Interestingly, following chemogenetic activation of MCH neurons upon CNO treatment of hM3Dq^MCH^ mice, leptin suppressed food intake after 1 h of refeeding compared to saline-treated animals, whereas this effect was absent in CNO-treated control animals receiving the same dose of peripherally applied leptin ([Figure 4](#fig4){ref-type="fig"}A). Calculating the ratio of food intake suppression upon leptin treatment versus saline treatment within each group of animals revealed that leptin-induced suppression of 1 h of food intake was more pronounced in hM3Dq^MCH^ than in control animals ([Figure 4](#fig4){ref-type="fig"}B). However, this effect was not detectable 4 h after leptin application, indicating that chemogenetic MCH neuron activation predominantly enhanced the rapid induction of leptin-induced feeding suppression, consistent with the increase in ME permeability, thus facilitating rapid access of leptin to the ARC ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C).Figure 4Chemogenetic Stimulation of MCH Neurons Promotes Leptin Action(A) Assessment of leptin sensitivity by comparing the effect of saline or leptin injection on 1-h refeeding food intake in CNO-treated control (n = 16) and hM3Dq^MCH^ mice (n = 13).(B) The ratio of (food intake in leptin treated condition--food intake in saline treated condition)/food intake in saline-treated condition in CNO-treated control (n = 16) and hM3Dq^MCH^ mice (n = 13).(C) Representative image of pSTAT3 immunoreactivity in CNO-treated control and hM3Dq^MCH^ mice with 15-min leptin stimulation.(D) Quantification of the number of pSTAT3-positive cells in the ARC of 15-min leptin-injected, fasted, and CNO-treated control (n = 6) and hM3Dq^MCH^ mice (n = 5).(E) Representative image of pSTAT3 immunoreactivity in CNO-treated control and hM3Dq^MCH^ mice with 45-min leptin stimulation.(F) Quantification of the number of pSTAT3-positive cells in the ARC of 45-min leptin-injected, fasted, and CNO-treated control (n = 12) and hM3Dq^MCH^ mice (n = 13). Bar graphs represent the min to max value, the mean value is marked as "+". Statistical analysis: unpaired Student's t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01, except leptin sensitivity where a paired Student's t test was used, ^∗^p \< 0.05.

To investigate leptin-induced signaling in the ARC on a molecular level, we assessed the dynamics of the ability of leptin to evoke STAT3 phosphorylation (pSTAT3) under the same experimental conditions. Here, leptin treatment lead to an enhanced activation of pSTAT3 in the ARC upon previous chemogenetic activation of MCH neurons as early as 15 min after leptin injection, and this effect of enhanced leptin-evoked STAT3-phosphorylation remained increased 45 min after leptin application ([Figures 4](#fig4){ref-type="fig"}C--4F).

In summary, chemogenetic activation of MCH neurons increases ME barrier permeability and enhances the ability of leptin to rapidly activate STAT3 phosphorylation in the ARC and to acutely suppress feeding.

Optogenetic Activation of MCH Neuron Projections in the ME Enhances ME Permeability and Leptin Sensitivity {#sec2.4}
----------------------------------------------------------------------------------------------------------

Because chemogenetic activation of MCH neurons promotes the release of MCH and other peptides and neurotransmitters from these neurons across the broad neurocircuitry targeted by these cells, our previous experiments left open the question about the contribution of MCH neuron-ME projections in the regulation of ME permeability and leptin action. To address this question, we aimed at selectively targeting the MCH neuron-ME projections by optogenetic activation. Therefore, we implanted optical fibers into the third ventricle just above the ME of ChR2-tdTomato^MCH^ and control animals ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Blue light illumination of MCH neuron-ME projections (10 Hz) did not affect subsequent food intake upon vehicle injection in a refeeding paradigm when comparing ChR2-tdTomato^MCH^ and control animals ([Figure S5](#mmc1){ref-type="supplementary-material"}B). To investigate whether the optogenetic fiber implantation potentially interferes with the ability of MCH neuron activation to increase the rapid refeeding response, we investigated the food intake stimulatory effect of chemogenetically activating MCH neurons in hM3Dq^MCH^ and hM3Dq^WT^ mice, which had been implanted with optical fibers in the same position as ChR2-tdTomato^MCH^ mice. This analysis revealed that fiber implantation did not interfere with the ability of chemogenetically activating MCH neurons to increase the rapid refeeding response ([Figures S5](#mmc1){ref-type="supplementary-material"}C and S5D).

However, when we stimulated MCH neuron-ME projections in ChR2-tdTomato^MCH^ mice, this intervention enhanced Evans blue diffusion in the ME ([Figures 5](#fig5){ref-type="fig"}A and 5B) as well as increased the number of fenestrated microvessel loops in the ME and the ARC ([Figures 5](#fig5){ref-type="fig"}C and 5D). Moreover, optogenetic stimulation of MCH neuron-ME projections in ChR2-tdTomato^MCH^ mice enhanced the leptin-induced suppression of 1-h refeeding in ChR2-tdTomato^MCH^ mice but not in control animals ([Figures 5](#fig5){ref-type="fig"}E and 5F). The control mice did not show a significant response to a single peripheral application of leptin at both time points after refeeding ([Figures 5](#fig5){ref-type="fig"}E and 5F; [Figure S5](#mmc1){ref-type="supplementary-material"}F).Figure 5Optogenetic Stimulation of MCH-ME Projections Promotes Leptin Action(A) Representative images of Evans blue dye diffusion into the ARC region of fasted and 3.5-h blue-light-illuminated control and ChR2^MCH^ mice.(B) Quantification of Evans blue dye diffusion upon blue light illuminated of control (n = 14) and ChR2^MCH^ mice (n = 12).(C) Representative images of anti-MECA-32 (red) and anti-Vimentin (white) immunoreactivity in the ME region. The left image (c1) shows a left hemisection of a blue-light-illuminated control mouse, and the right images shows (c2) a right hemisection of a blue-light-illuminated ChR2^MCH^ mouse. Bottom panel shows the magnified images (c3 and c4) from (c1) and (c2).(D) Quantification of the number of MECA-32-marked microvessel loops in both the ME and the ARC region of blue-light-illuminated control (n = 17) and ChR2^MCH^ mice (n = 11).(E and F) Same comparison of leptin sensitivity as depicted in [Figure 4](#fig4){ref-type="fig"}A and 4B, upon blue-light-illumination above the ME of control (n = 12) and ChR2^MCH^ mice (n = 11). Bar graphs represent the min to max value, the mean value is marked as "+". Statistical analysis: unpaired Student's t test, ^∗^p \< 0.05, ^∗∗^p \< 0.01, and ^∗∗∗^p \< 0.001, except leptin sensitivity comparison by paired Student's t test, ^∗^p \< 0.05.

Collectively, these experiments indicate that the ability of MCH neuron activation to increase the permeability of ME microvessel loops reaching the ventromedial ARC and leptin's anorexigenic action was indeed mediated by MCH neuron-ME projections, whereas the food-intake-stimulatory effect of chemogenetic MCH neuron activation was likely due to an increased access of orexigenic hormones, such as ghrelin, to the ARC or to alternative mechanisms governed by MCH neurons, which is in line with previous reports.

MCH Does Not Modulate Tanycyte Signaling {#sec2.5}
----------------------------------------

MCH is one of main peptides released from MCH neurons and also has been extensively investigated with regard to its regulatory role in energy homeostasis. Given the effects of chemogenetic and optogenetic MCH neuron stimulation on ME barrier permeability and leptin action, we speculated that MCH may directly act on tanycytes and fenestrated capillaries. To this end, first we established *in*-*vitro*-purified tanycyte cultures as a model to test the potential effects of MCH on these cells. However, we found that mRNA expression of the MCH receptor 1 (*MCHR1*) is relatively low in sorted tanycytes compared to other cells in the ME region ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Similarly, *in situ* hybridization by RNA scope revealed that *MCHR1* mRNA was barely expressed in tanycytes ([Figure S6](#mmc1){ref-type="supplementary-material"}B). Moreover, by incubating tanycyte cultures with MCH, we failed to detect activation of ERK or AKT signaling in these cells ([Figures S6](#mmc1){ref-type="supplementary-material"}C and S6D). It is well known that MCH through activation of MCHR1 suppresses forskolin-stimulated cyclic AMP (cAMP) concentrations and increases intracellular Ca^2+^ ([@bib44]). Therefore, we tested whether MCH incubation of tanycytes can regulate cAMP levels. Similar to what was observed for ERK and AKT signaling, we found that MCH incubation did not affect cAMP concentrations in tanycytes ([Figure S6](#mmc1){ref-type="supplementary-material"}E). Together, these findings show that MCH does not affect signaling in cultured tanycytes.

However, to exclude other signaling pathways that may be involved in the MCH regulatory role of tanycytes, we used Ca^2+^ imaging in living brain slices containing the ME, which allowed us to directly visualize calcium activity on different cell types in the ME ([Figure S6](#mmc1){ref-type="supplementary-material"}F). Nevertheless, we found that MCH peptide application onto the ME slices did not induce any changes in intracellular Ca^2+^ compared to a negative control (articifial cerebrospinal fluid \[ACSF\] treatment), whereas ATP evoked clear increases in intracellular Ca^2+^ in the different cell types in the ME (ARC-tanycytes/ME-tanycytes/vessels of the pars tuberalis/blood vessels below the ME) ([Figure S6](#mmc1){ref-type="supplementary-material"}G). Finally, considering that MCH neurons in addition to MCH can also release glutamate or GABA, we next tested the potential effect of both transmitters on Ca^2+^ activity of the ME slices. However, either incubating slices with the glutamate receptor ligand glutamate (G162, Sigma, 100 μM) or the GABA receptor agonist baclofen (0417, Tocris, 1 mM) failed to elicit changes in intracellular Ca^2+^ concentrations in tanycytes ([Figure S6](#mmc1){ref-type="supplementary-material"}H). Hence, our data argue that MCH does not modulate signaling of the classical MCH-regulated pathways in tanycytes and capillaries in the ME.

MCH Neurons Regulate Endothelial Cells in the ME {#sec2.6}
------------------------------------------------

Given that stimulation of MCH neurons alters ME permeability by increasing fenestrated vessel loops and that, specifically, MCH neuron-ME projections regulate these effects, we aimed to further investigate the mechanisms underlying this regulation. Thus, we performed phosphoRiboTrap experiments to explore the nature of the cell types in the ME regulated as a consequence of chemogenetically activating MCH neurons. In previous studies, it was shown that phosphorylation of the ribosomal protein S6 as a bona fide target of mTOR signaling well reflects cell activation in response to a wide array of stimuli ([@bib27]). The method builds on the fact that the S6 ribosomal protein is activated in cells upon activation of tyrosine kinase and G-protein-coupled receptor signaling. Thus, precipitation of S6-marked ribosomes and sequencing of associated mRNAs allows for the unbiased identification of cell types, in which mTOR signaling was modulated upon a defined stimulus. To identify cell types that exhibit altered mTOR signaling upon chemogenetic MCH neuron activation, fasted hM3Dq^MCH^ and control littermates (hM3Dq^WT^) were injected with CNO (3 mg/kg i.p.). Mice were sacrificed 1 h after CNO injection. The ARC and ME region was dissected and subjected to immunoprecipitation with an anti-pS6 antibody to immunopurify ribosomes from cell types, where mTOR signaling was altered as a consequence of chemogenetic MCH neuron activation. After RNA extraction, both input RNA and that associated with immunoprecipitated (IP) ribosomes were subjected to deep mRNA sequencing in both groups of mice. By comparing the reads in the IP/input ratio, we were able to identify gene clusters, which were enriched in the ribosomes of cell types, which had undergone alterations of mTOR signaling in response to MCH neuron activation ([Table S1](#mmc2){ref-type="supplementary-material"}). When we analyzed the overlap of genes enriched in the IP/input of MCH-neuron-activated mice with that of previously identified cell types by using unbiased droplet-based single-cell mRNA sequencing of cells in the mediobasal hypothalamus ([@bib5]), we identified gene clusters that represented neurons and glial cells, as well as endothelial cells, whose transcripts exhibited an enrichment in the IPs from MCH-neuron-activated mice ([Figures S7](#mmc1){ref-type="supplementary-material"}A and S7B). Collectively, MCH neuron activation among other cell types alters mTOR signaling in endothelial cells of the ME/ARC.

MCH Neurons Express VEGFA and Modulate Leptin Sensitivity in a VEGFA-Dependent Manner {#sec2.7}
-------------------------------------------------------------------------------------

To define the mechanisms through which MCH neuron activation may regulate endothelial cell signaling and increases fenestration of vessel loops in the ME, we aimed to identify potential signals originating from MCH neurons and capable of regulating endothelial function. To this end, we performed single-nucleus RNA sequencing of MCH neurons, which were subjected to fluorescence-activated cell sorting (FACS) upon MCH-neuron-specific ZsGreen expression in ZsGreen^MCH^ mice. Using this approach, we obtained single-nuclei mRNA sequencing reads from 1,266 isolated MCH neurons. An analysis of gene expression revealed the identification of previously unrecognized heterogenous cell clusters of MCH neurons ([Figures 6](#fig6){ref-type="fig"}A and 6B). These 4 clusters of MCH neurons were characterized by the expression of distinctive mRNAs ([Table S2](#mmc3){ref-type="supplementary-material"}). We clustered the 1,266 cells using the R Seurat package ([@bib55]) (version 3.1.1). A small cluster_resolution parameter of 0.2 ensures grouping of the cells into few clusters. The resulting marker genes for each clusters were then used as input for a Gene Ontology (GO) term analysis by using the R clusterProfiler package ([@bib56]) (version 3.14.3). To avoid redundant GO terms, we used clusterProfiler's simplify function with default parameters. The significantly regulated simplified GO terms are then sorted by rich factor, which is determined by rich factor = (significant gene count of GO term)/(total gene count of GO term). This analysis identified specific GO terms enriched in the 4 clusters of MCH neurons ([Figure 6](#fig6){ref-type="fig"}C). Interestingly, genes defining the largest cluster of MCH neurons (cluster 0) exhibited an enrichment of genes in the GO term "regulation of VEGF signaling pathway" and GO term "positive regulation of endothelial cell proliferation." This lead us to specifically investigate the expression of VEGFA, which has been previously found to critically regulate the ME barrier ([@bib32]), across the different clusters of MCH neurons. This analysis revealed that VEGFA mRNA was indeed expressed across the different clusters of MCH neurons ([Figure S7](#mmc1){ref-type="supplementary-material"}C).Figure 6Single-Nucleus Sequencing of MCH Neurons(A) Heterogenous cell clusters of MCH neurons based on single-nucleus sequencing from ZsGreen^MCH^ reporter mice.(B) Heatmap of cell clusters with marker genes of MCH neurons. Color code on the top same as (A). Color scale indicates gene expression level.(C) Gene Ontology (GO) term analysis of each MCH cell cluster. GO term significance mapped to color. Percentage of significant genes depicts the ratio of significant genes in GO term to all genes defining the term in percent.

To further validate VEGFA expression in MCH neurons, we used RNAscope-based *in situ* hybridization for *VEGFA* mRNA expression in tdTomato^MCH^ mice. Here, we confirmed *VEGFA* mRNA expression in MCH neurons ([Figure 7](#fig7){ref-type="fig"}A). In addition, immunostaining was performed for visualizing VEGFA protein expression in genetically marked MCH neurons of tdTomato^MCH^ reporter mice. This analysis revealed a clear overlay of VEGFA immunoreactivity and tdTomato immunoreactivity in MCH neurons of the lateral hypothalamic area (LHA) ([Figure 7](#fig7){ref-type="fig"}B). Comparing the percentage of VEGFA-positive MCH neurons to that of non-MCH neurons in the LHA revealed an enrichment of VEGFA-expressing neurons in MCH compared to non-MCH neurons ([Figure 7](#fig7){ref-type="fig"}C). Collectively, several independent lines of experimental evidence revealed the expression of VEGFA in MCH neurons.Figure 7VEGFA Expression in MCH Neurons(A) Representative images from *in situ* hybridizations for VEGFA and MCH in LHA sections. Green, MCH; red, VEGFA; blue, 4′,6-diamidino-2-phenylindole (DAPI). In the merged image, white dashed circles show coexpression of VEGFA and MCH. Orange dashed circles in the VEGFA expression image are corresponding positions to white dashed circles.(B) Representative images of immunoactive VEGFA, NeuN, and MCH/tdTomato signal in LHA sections. Green, anti-VEGFA; red, anti-NeuN, neuronal marker; yellow, tdTomato. In the merged image, blue arrows point out MCH neurons expressing VEGFA, and white arrows point out non-MCH neurons expressing VEGFA.(C) Quantification of the coexpression percentage of VEGFA expression in MCH neurons, and in non-MCH neurons.(D) Assessment of leptin sensitivity by comparing the effect of saline or leptin injection on 1-h refeeding food intake in 16-h fasted and CNO-treated-hM3Dq^MCH^ mice (n = 10) upon vehicle or Axitinib pretreatment. Data are represented in a violon plot (C); in (D), bar graphs represent the min to max value, the mean value is marked as "+". Statistical analysis: leptin sensitivity comparison by paired Student's t test, ^∗^p \< 0.05. Scale bar: 50 μm in (A) and (B).

To test whether VEGFA signaling contributes to the MCH-neuron-activity-dependent regulation of ME permeability, we investigated the ability of MCH neuron activation to regulate leptin sensitivity upon pharmacological inhibition of VEGFA signaling. Pretreatment with the VEGFR blocker Axitinib attenuated the ability of chemogenetic MCH neuron activation to enhance the anorexigenic effect of peripherally applied leptin ([Figure 7](#fig7){ref-type="fig"}D). Collectively, these data indicate that, at least in part, MCH-neuron-dependent VEGFA signaling contributes to the enhancement of leptin's acute anorexigenic effect upon chemogenetic MCH neuron activation.

Discussion {#sec3}
==========

The maintenance of energy homeostasis requires the rapid transfer of energy-state-sensing signals from the periphery of the organism to the CNS. The characteristics of the ME barrier in immediate anatomical proximity to the hypothalamus play a key role in this process. Previous work had indicated not only that the concentration of these energy-state-communicating signals varies upon changes in internal state but also that ME barrier function is modulated in response to fasting (Langlet, 2013, 2019; [@bib52]). Our results unravel a previously unrecognized mechanism through which the activity of neurons in the hypothalamus, which are regulated during sleep and implied in control of energy homeostasis, in turn regulates vascular fenestration in the ME to enhance barrier permeability and further hormone access in a VEGFA-dependent manner.

Although most energy regulatory neurocircuits, such as melanocortin neurons in the ARC, exert their metabolism regulatory function through neuropeptide and neurotransmitter-dependent signaling in their widespread neurocircuitry in a conventional way by synaptic transmission ([@bib1], [@bib13], [@bib15], [@bib49]), MCH neurons have previously been shown to exert at least part of their metabolism regulatory function through additional mechanisms. First, they densely innervate the ependymal cells of the ventricle to regulate cilia beating and CSF circulation ([@bib9]). Second, they directly project to the ventricle to release MCH into the CSF and to mediate their orexigenic effect through volume transmission ([@bib41]). Our present study extends the unconventional functions of MCH neurons by demonstrating that they not only release neuropeptides and transmitters but also express considerable amounts of VEGFA, as revealed by multiple complementary approaches. Thus, we provide a model that indicates that hypothalamic neurons can modulate the vascular barrier through activity-dependent release of the angiogenic factor VEGFA. It has previously been shown that in the developing CNS, neuronal VEGF maintains neurons and endothelial cells in both paracrine and autocrine manners ([@bib39], [@bib42]). In adult animals, hippocampal-expressing VEGF is increased during exposure to an enriched environment and upon maze exposure, contributing to the effect of environment on neurogenesis and cognition ([@bib6]). In addition to a role in the CNS, it has been shown that peripheral nerves provide a template that determines the organotypic pattern of blood vessel branching and arterial differentiation in the skin, by local secretion of VEGF ([@bib39], [@bib42]). Importantly, a recent study revealed that cultured hippocampal neurons express VEGF endogenously and VEGF localizes in vesicles, which undergo kinesin-dependent axonal transport as well as depolarization-dependent release of VEGF ([@bib53]). Thus, likely a similar mechanism operates in MCH neurons, which is in line with results of [@bib32] that showed VEGFA-dependent control of ME barrier plasticity.

The present study through use of complementary experimental approaches revealed that activating MCH neurons can modulate the permeability of the ME barrier. Future studies will have to investigate the effects on ME barrier permeability and their physiological consequences when MCH neurons are inhibited during their states of natural activation. Similarly, further defining the role of MCH-neuron-derived VEGFA will have to use mice with cell-type-specific disruption of VEGFA in these neurons.

Although MCH neurons have been implicated in both energy homeostasis and sleep regulation, only recent studies using *in vivo* Ca^2+^ imaging have unraveled the physiological regulation of these neurons in freely behaving mice. Using fiber photometry of genetically marked MCH neurons, [@bib17] revealed that MCH neurons increase their activity upon novel object recognition. Moreover, single-MCH-neuron-resolution-based Ca^2+^ imaging revealed a predominant activation of MCH neurons during REM sleep ([@bib3]), whereas in another study, it was reported that MCH neurons exhibited a more heterogenous response dependent on sleep cycles and a majority of neurons was activated during REM sleep, but minor proportions did not respond to changes in sleep state or some even became activated upon awakening ([@bib25]). These heterogenous responses are also consistent with the molecular heterogeneity of MCH neurons revealed in our single-nuclei sequencing experiments. Unfortunately, the abovementioned studies did not investigate the regulation of MCH neuron activity across changes in nutritional state. Thus, future studies are clearly needed to investigate how MCH neurons are dynamically regulated across different nutritional states *in vivo*.

Nevertheless, modulation of BBB permeability and, specifically, leptin transport has been linked to circadian regulation and sleep. Here, leptin transport is increased toward the end of the light cycle and sleep increases BBB function during the day to support the exchange of metabolites across the BBB, consistent with the activation pattern of the majority of MCH neurons during daytime ([@bib10], [@bib43]). Interestingly, sleep restriction, which presumably alters MCH neuron activity, has been shown to modulate BBB permeability, although to a different extent based on the protocols used ([@bib16], [@bib22]). Moreover, sleep deprivation has been linked to the development of leptin resistance in the ARC, although the potential contribution of reduced leptin transport to the CNS has not been addressed in this study ([@bib19]). Thus, future studies are clearly warranted to directly investigate the functional contribution of MCH neuron regulation in the sleep-dependent control of BBB permeability and leptin sensitivity.

Given, the wide projections of MCH neurons throughout multiple sites within the CNS, including the hippocampus, as well as the profound effects of VEGF in learning and memory, MCH-neuron-dependent VEGFA release may have further reaching implications beyond the regulation of BBB permeability and associated changes in metabolic homeostasis.

Finally, our single-nuclei sequencing experiments revealed the detection of at least four molecularly distinct clusters of hypothalamic MCH neurons. Here, cluster 0 was characterized by the highest level expression of Cartp as a well-defined feeding regulatory peptide. These data are consistent with studies in which chemogenetic activation of Cartp-expressing neurons in the LHA stimulates food intake ([@bib14]). The same cluster was characterized by the expression of genes associated with VEGFA signaling, indicating that the feeding-regulatory MCH neurons may also directly regulate BBB permeability. Clearly, future studies will have to use more detailed functional analyses to investigate the activity of these MCH neuron subtypes across different sleep cycles as well as in different nutritional states and, ultimately, define their potentially distinct physiological effector pathways.

Collectively, the results of our study assign MCH neurons a role in regulating ME permeability and to modulate gating of energy-sensing-hormones to the ARC, as exemplified for leptin. Future studies have to define whether this regulation also modulates the accessibility of the ARC for other periphery-born factors and may, thus, define a novel route for how, through manipulating MCH neurons, the altered transport of energy-state-sensing hormones to the CNS, as observed in obesity, may be overcome ([@bib12]).

STAR★Methods {#sec4}
============
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5′ GAA AAG ATA AGG CCT TCA AGT GCTEurogentec GermanyN/A*MCH-SR for MCH-Cre line*\
5′ GAT CTT TCT GCA GTA TCT TCC TTCEurogentec GermanyN/A*CRE-FR for MCH-Cre line*\
5′ATC GAC CGG TAA TGC AGG CAAEurogentec GermanyN/A*CAGS_Fow for ROSA26 flox line*\
5′ AAAGTCGCTCTGAGTTGTTATCEurogentec GermanyN/A*CAGS\_ RevWT for ROSA26 flox line*\
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5′ TGTCGCAAATTAACTGTGAATCEurogentec GermanyN/A**Software and Algorithms**ImageJ (Version 2.0.0-rc-43/1.50e)<https://imagej.net/Welcome><https://imagej.nih.gov/ij/download.html>GraphPad Prism (Version 8 for Mac)<https://www.graphpad.com/scientific-software/prism/><https://www.graphpad.com/scientific-software/prism/>RThe R Foundation for Statistical Computing c/o Institute for Statistics and\
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### Lead Contact {#sec4.2.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jens C. Brüning (<bruening@sf.mpg.de>).

### Materials Availability {#sec4.2.2}

This study did not generate new unique reagents

### Data and Code Availability {#sec4.2.3}

PhosphoRiboTrap sequencing data generated in this study are available under GEO accession "GSE146019"

Single nucleus sequencing data generated in this study are available under GEO accession "GSE146020."

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### Animals and Husbandry {#sec4.3.1}

All animal procedures were conducted in compliance with protocols approved by the local authorities (Bezirksregierung Köln) and were in accordance with NIH guidelines. Mice were housed at 22--24°C with 12 hr light/dark cycle. Animals had *ad libitum* access to water and a standard rodent chow (ssniff V1554, 59494 Soest, Germany). Mice were housed in individually ventilated cages (IVCs). For leptin sensitivity experiments, mice were single housed and littermates of animals from the same breedings were randomly assigned to the order of experimental treatments. All studies, except the study using Synaptophysin-tdTomato^MCH^ and hM3Dq^MCH^ mice for electron microscopy and investigation of MCH effect on tanycyte culture signaling, which were performed in Lille, France in the laboratory of Dr. Vincent Prevot and approved by the French Ministere de l'Education Nationale, de l'Enseignement Superieur et de la Recherche (APAFIS\#2617-2015110517317420 v5) and Ca^2+^ imaging experiments, which were performed at the University of Lübeck in the laboratory of Prof. Markus Schwaninger, were conducted at the Max Planck Institute for Metabolism Research, Cologne, NRW, Germany.

### Mouse lines {#sec4.3.2}

#### MCH-Cre mice {#sec4.3.2.1}

This line was kindly provided by the lab of Bradford B. Lowell ([@bib30]). The animals were maintained by backcrossing them on a C57BL/6N background.

#### hM3Dq^MCH^ mice {#sec4.3.2.2}

MCH-Cre mice were mated with hM3Dq fl/fl mice, which express hM3Dq in a Cre-dependent manner from the ROSA26 locus ([@bib49]).

#### ChR2-eYFP^MCH^ and ChR2-tdTomato^MCH^ mice {#sec4.3.2.3}

B6;129S-Gt(ROSA)26Sortm32(CAG-COP4^∗^ChR2(H134R)EYFP) Ai32 and B6;129S-Gt(ROSA)26Sortm32(CAG-COP4^∗^ChR2(H134R)tdTomato) Ai27 mice were obtained from Jackson laboratory (Stock number \# 012569 and 012567) ([@bib37]). Homozygous ChR2-eYFP^+/+^ or ChR2-tdTomato^+/+^ mice were mated with MCH-Cre tg/wt mice to generate the ChR2-eYFP^MCH^ and ChR2-tdTomato^MCH^ mice.

#### Synaptophysin-tdTomato^MCH^ mice {#sec4.3.2.4}

B6;129S-Gt(ROSA)26Sortm34.1(CAG-Syp/tdTomato)Hze/J mice were obtained from Jackson laboratory (stock number \#012570) (Zeng H. 2011; Direct Data Submission 2011/04/15). The homozygous mice were mated with MCH-Cre tg/wt mice to generate Synaptophysin-tdTomato^MCH^ mice.

#### ZsGreen^MCH^ mice {#sec4.3.2.5}

R26-fl-rxΔ-ZsGreen mice have been previously described ([@bib34]). Homozygous mice were mated with MCH-Cre tg/wt mice to generate ZsGreen^MCH^ mice.

#### tdTomato^MCH^ mice {#sec4.3.2.6}

tdTomato reporter mice were obtained from Jackon laboratory (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) ([@bib37]). The homozygous mice were mated with MCH-Cre tg/wt mice to generate tdTomato^MCH^ mice.

All the mouse experiments in this study were using male mice on a C57BL/6N background (Charles River, Laboratories (Sulzfeld, Germany)) at the age of 10-16 weeks, unless otherwise mentioned.

Method Details {#sec4.4}
--------------

### Evans Blue diffusion assay and barrier permeability assay {#sec4.4.1}

The procedure was performed as previously described ([@bib32], [@bib40]). hM3Dq^MCH^ and ChR2-tdTomato^MCH^ and their corresponding litter mates at the age of 15 weeks were fasted for 16 hr (from 6pm to 10am next morning). After 12 hr of fasting, mice were intraperitoneally (i.p.) injected with CNO (3mg/kgBW) or photostimulated, (3.5 hr). After 15 hr 40 min fasting time, mice were injected with sterile 1% Evans Blue dye (Sigma) in 0.9% saline by tail vein injection and sacrificed by decapitation 20 min later. Brains were acutely removed and embed in O.C.T and frozen in cold isopentane with liquid nitrogen (−55°C). The frozen brain were cut into 10 μm-sections and directly imaged under a fluorescence microscope. For assessment of MECA-32 and ZO-1 immunoreactivity via IHC, different cohorts of animals received the same treatment. However, the frozen brains were cut into 20 μm-sections and stored in the −80°C until processing barrier immunofluorescence staining.

The protocol for barrier immunofluorescence staining has been described previously ([@bib40]), but primary antibodies used were MECA-32 (1:500, 550563, BD biosciences); ZO-1 (1:400, 61-7300, Thermo Fisher Scientific); Vimentin (1:2000, AB5733, Millipore) and secondary antibodies were goat anti-Rat Alex594 (1:500, A11007, Thermo Fisher Scientific), goat anti-Chicken Alex641 (1:500, A21449, Thermo Fisher Scientific); goat anti-Rabbit Alex488 (1:500, A11008, Thermo Fisher Scientific).

### Chemogenetic MCH neuron activation for food intake and leptin sensitivity studies *in vivo* {#sec4.4.2}

hM3Dq^MCH^ mice and control littermates at the age of 10-13 weeks were single housed with food hoppers and handled for at least 3 days before the experiment started. At the experimental days, mice were fasted for 16 hr, and then given CNO (ab141704, abcam, dissolved in 1.5% DMSO, 3mg/kg body weight) via i.p. injection after 12 hr of fasting. At the time points of 16 hr fasting, mice were given saline or leptin injection (450-31, Peprotech, dissoved in saline, 6 mg/kg body weight) and 30 min later, mice were refed and food intake for each cage was measured at the 1 hr and 4 hr post-refeeding time. The mice treated with saline or leptin, in the following week were cross treated with leptin or saline. Saline treated food intake data were calculated for food intake comparison between genotypes. For individual animal, comparison between saline treated food intake and leptin treated food intake was calculated as a leptin sensitivity index.

### Insulin tolerance test (ITT) {#sec4.4.3}

Insulin tolerance test was performed in 16 hr fasted mice. Mice were given i.p. CNO (3 mg/kg body weight) 4 hr before basal blood glucose level measurement. Mice were given i.p. injection with insulin (0.38 I.E./kg body weight, Lilly Deutschland GmbH, PNZ 02526396) and glucose concentrations in blood were measured after 15, 30 and 60 min employing a automatic glucose monitor (Bayer HealthCare Ascensia Contour).

### Glucose tolerance test (GTT) {#sec4.4.4}

Glucose tolerance tests was performed as described for the ITT, but mice were given i.p. Glucose (20%, 10 ml/kg body weight) instead of insulin, and blood glucose concentration in blood were measured after 15, 30, 60 and 120 min.

### Stereotactic Surgery {#sec4.4.5}

ChR2-tdTomato^MCH^ and control littermates at the age of 9 weeks were single housed in preparation for stereotactic surgeries of optogenetic fiber implantation. Animals were anesthetized with isofluran and placed into a stereotaxic apparatus. The stereotaxic coordinate was: AP −1.4 mm; DV 5.8 mm; ML 0 mm. Fiberoptic cannulas were obtained from Doric Lenses Inc (fiber core = 200 μm, NA = 0.48, length = 6mm, flat tip). Optical fiber was implanted above the median eminence at the stereotaxic coordinate described above and fixed to the skull with dental acrylic. Animals were i.p. injected with buprenorphine (PZN01498870, Bayer, 0.1 mg/kgBW) during the operation period and meloxicam (5 mg/kg bodyweight) was given subcutaneously (s.c.) for the analgesia in the first hour post-surgery and Tramadol was provided in the drinking water (1 mg/ml) twice a day during post-surgery periods for consecutive three days. Body weights were continuously monitored during recovery.

hM3Dq^MCH^ mice and control littermates at the age of 9 weeks underwent through same surgery for optical fiber implantation in control experiments.

After 1 week of post-surgery recovery, mice were adapted to optogenetic cages (TSE systems) or homecage with food hopper for another week and body weights were monitored every two days.

### *In vivo* optogenetics {#sec4.4.6}

Fiber-implanted ChR2-tdTomato^MCH^ mice and control littermates were connected to patch-cords before the experiments. Mice were fasted 16 hr (from 6pm to 10am next morning), at the time points of 12 hr fasting, mice received the light illumination (pulse duration 10 μs, frequency 10 Hz, 1 s stimulation in every 5 s, 10 mW) for three and half hr. At the 16 hr fasting time, mice were given saline or leptin (6 mg/kg body weight) i.p. injection. 30 min later, mice were refed and food intake for each cage was measured at the 1 hr and 4 hr post-refeeding time. The mice treated with saline or leptin, were cross-treated with leptin or saline in the following week. At the end of experiment, all the mice were perfused with 4% PFA, brains were post-fixed and cryoprotected in 20% sucrose. The brains were frozen and cut for fiber placement validation. Only the data with correct placement of fiber implantation was included in the analysis. Data analysis was performed as described for chemogenetic experiment.

### Axitinib treatment {#sec4.4.7}

Male hM3Dq^MCH^ mice at the age of 10-14 weeks were used for this experiment. Mice were fasted starting at 6 p.m. Axitinib (PZ0193, Sigma, 25 mg/kgBW in PEG/H2O 3:7 mixed, PH 2.5) or vehicle (PEG/H~2~O 3:7 mixed, PH 2.5) were injected i.p. at 5 a.m. (after 11 hr of fasting), CNO (3 mg/kgBW) was injected to all mice at 6 a.m. (after 12 hr of fasting). Leptin (6 mg/kgBW) or saline were injected i.p. at 10 a.m. (after 16 hr of fasting). 30 min after leptin/saline injection, mice were refed and food intake was monitored 1 hr and 4 hr after refeeding. In the following three weeks, mice were given cross-over injections with either vehicle/axitinib or saline/leptin.

### Nuclear isolation for single nucleus sequencing {#sec4.4.8}

The nuclear isolation method was modified from [@bib18]. Hypothalami of ZsGreen^MCH^ mice were dissected and collected into 1ml of ice-cold EZ PREP buffer (D8938, Sigma). The tissue was homogenized with a glass dounce, twice at 250 rpm and 12 times at 1000 rpm and incubated on ice for 5 min. Nuclei were centrifuged at 500 g, 5 min after addition of 4 mL of nuclear lysis buffer and incubated on ice for 5 min. The supernatant was discarded and the pellet was resuspended in 4 mL nucleus suspension buffer (NSB, 1x PBS, 0.01% BSA, and 0.1% RNase inhibitor (352235, Clontech). Nuclei were centrifuged at 500 g for 2 min. The supernatant was discarded and isolated nuclei were resuspended in 300 μl NSB and then filtered through a 30 μm cell strainer into sorting tubes for flow cytometry sorting on a BD FACSAria IIIu.

### Single nucleus sorting by flow cytometry {#sec4.4.9}

Nuclei suspension from ZsGreen^MCH^ mice was stained with DAPI (1:1000, 62248, Thermo Fisher Scientific) as nuclear marker. ZsGreen positive nuclei + DAPI positive nuclei were collected as MCH neuron nuclei. A FACSAria IIIu was used for gating and sorting nuclei. Single nuclei were identified based on side scatter (SSC-A) and DAPI fluorescence (area versus width). ZsGreen fluorescence was detected with 488 nm excitation and 530 nm emission. Sorting was performed at 4°C with a 70 μm nozzle. Sorted ZsGreen positive nuclei were collected into 1xPBS buffer with 0.04% BSA for 10x genomics single cell sequencing.

### Single nucleus sequencing and analysis {#sec4.4.10}

For snRNA library construction, Chromium Single Cell 3′ Reagent Kits v3 were used. The Single Cell 3′ Protocol upgrades short read sequencers to deliver a scalable microfluidic platform for 3′ digital gene expression profiling of up to 10,000 individual nuclei per sample. The 10x GemCode Technology samples a pool of \~750,000 barcodes to separately index each cell's transcriptome. It does so by partitioning thousands of cells into nanoliter-scale Gel Bead-In-EMulsions (GEMs), where all generated cDNA share a common 10x Barcode. Libraries were generated and sequenced from the cDNA and the 10x Barcodes were used to associate individual reads back to the individual partitions.

Single nucleus suspensions in 1xPBS containing 0.04% BSA (700-1200 nuclei/μl) were checked for viability which should ideally exceed 75% and be free of debris and cell aggregates. To achieve single cell resolution, the cells were delivered at a limiting dilution, such that the majority (\~90- 99%) of generated GEMs contains no cell, while the remainder largely contain a single cell. Upon dissolution of the Single Cell 3′ Gel Bead in a GEM, primers containing (i) an Illumina R1 sequence (read 1 sequencing primer), (ii) a 16 bp 10x Barcode, (iii) a 12 bp Unique Molecular Identifier (UMI) and (iv) a poly-dT primer sequence were released and mixed with cell lysate and Master Mix. Incubation of the GEMs produced barcoded, full-length cDNA from poly-adenylated mRNA. After incubation, the GEMs were broken and the pooled fractions were recovered. Silane magnetic beads were used to remove leftover biochemical reagents and primers from the post GEM reaction mixture. Full-length, barcoded cDNA was amplified by PCR to generate sufficient mass for library construction. Enzymatic fragmentation and size selection were used to optimize the cDNA amplicon size prior to library construction. R1 (read 1 primer sequence) were added to the molecules during GEM incubation. P5, P7, a sample index and R2 (read 2 primer sequence) were added during library construction via End Repair, A-tailing, Adaptor Ligation and PCR. The final libraries contained the P5 and P7 primers used in Illumina bridge amplification. A Single Cell 3′ Library comprised standard Illumina paired-end constructs which begin and end with P5 and P7. We allocated Illumina NovaSeq6000 S2 flowcells to sequence with the first read 28nt (cell specific barcode and UMI) and generated with the second read 90nt 3′mRNA transcriptome data. Using the v3 version of chemistry, 25k reads/nucleus were sufficient to allow comprehensive snRNA analysis.

### PhosphoRiboTrap Preparation {#sec4.4.11}

Mice were sacrificed by decapitation. Hypothalamus sections were rapidly dissected in ice-cold 1xHBSS using a stainless brain matrix (World Precision Instruments). Arcuate nucleus and ME regions were collected into EP tubes and acutely frozen on liquid nitrogen. Collected tissues were stored at −80°C until further use.

Samples were transferred to a homogenization cylinder (Sartorius) with 1ml homogenization buffer (10 mM HEPES, 150 mM KCl, 5 mM MgCl~2~, 2.5 mM DTT, 1/4 tablet/ml Protease inhibitors (EDTA free), 100 units/ml RNAsin, 250 μg/ml Cycloheximide, 1 tablet/10 mL PhosSTOP, 100 nM Calyculin A). Samples were homogenized 2 times at 250 rpm, and 9 times at 750 rpm. Homogenates were transferred to Eppendorf tubes and clarified at 2,000 g for 10 min, at 4°C. Supernatants were transferred to a new EP tube on ice and 70 μL of 10% NP40 (Sigma Aldrich) and 70 μL of 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC, Avanti) were added. This solution was mixed by inversion, incubated on ice for 2 min and clarified by centrifugation at 17,000 g for 10 min at 4°C. The harvested supernatant was transferred to a new EP tube, 50 μL was removed to another new EP tube, 950 μL Trizol and 50 μL glycogen (5 mg/ml) were added. This sample was incubated on ice as input. 20 μL pphospho-S6 244/247 antibody (44-923G, Invitrogen) were added to the remaining harvested supernatant and mixed well. Sample-antibody solution was incubated on ice for 1.5 hr at 4°C with gentle rotation. 100 μL Protein A Dynabeads per sample was washed 3 times with washing buffer 0.15 M (10 mM HEPES, 150 mM KCl, 5 mM MgCl~2~, 1% NP40). The "sample-antibody" was added into the beads and incubated for 1 hr, at 4°C with gentle rotation. Sample-antibody solution was quick spinned for 2 s and placed on the cold magnet for washing 4 times with washing buffer 0.35 M (10 mM HEPES, 350 mM KCl, 5 mM MgCl~2~, 1% NP40, 1.25 mM DTT, 100 units/ml RNAsin, 125 μg/ml Cycloheximide, 50nM Calyculin A). Beads were collected by magnetic absorption. After the last wash, the supernatant was removed and 1 mL Trizol was added to the beads and gently resuspended by pipetting and incubated on ice for 5 min. Input and IP RNA were isolated and purified by the following steps. 200 μL CHCl~3~ was added to the samples, vortexed thoroughly and incubated in room temperature for 5 min. The samples were centrifuged at 12,200 g for 10 min at 4°C. The aqueous phase was collected and added to 550 μL of ice cold isopropanol and incubated on ice for 15 min for RNA precipitation. The samples were centrifuged at speed of 12,200 g for 15 min at 4°C. The precipitated RNA was washed by adding 1 mL of ice cold 80% ethanol and centrifuged at speed of 7,500 g for 15 min at 4°C. Ethanol was discarded and the RNA was DNasel digested (30 μL nuclease free water dissolved-RNA pellet, 3.7 μL DNase 10X buffer, 2 μL RNAsin inhibitor and 2 μL DNasel) for 30 min at 37°C. DNasel was deactivated by thorough vortexing. RNA concentrations were assessed employing the Invitrogen Qbit System and were stored in −80°C until being sent for RNA bulk sequencing.

### RNA bulk sequence {#sec4.4.12}

Pre-amplification using the Ovation RNASeq System V2 was performed. Total RNA was used for first strand cDNA synthesis, using both poly(T) and random primers, followed by second strand synthesis and isothermal strand-displacement amplification. For library preparation, the Illumina Nextera XT DNA sample preparation protocol was used, with 1 ng cDNA input. After validation (Agilent 2200 TapeStation) and quantification (Invitrogen Qubit System) all 24 transcriptome libraries were pooled. The pool was quantified using the Peqlab KAPA Library Quantification Kit and the Applied Biosystems 7900HT Sequence Detection and sequenced on a Illumna NovaSeq S2 flowcell with a PE100 protocol. The RNA sequencing pipeline utilizes the GRCm38 assembly of the mouse genome as gene sets from Ensembl release 96 ([@bib54]). We quantified the gene expression of each sample by (1) aligning the RNA-sequencing reads to the mm10 reference genome using hisat 2.1.0 ([@bib26]). (2) computationally depleted rRNA reads using samtools 1.8.0 ([@bib33]) and (3) transcript assembly and quantification as well as differential analysis between the experimental conditions using the cufflinks 2.2.1 suite ([@bib51]). Genes are denoted as statistically significant using the standard cuffdiff cutoff ($\text{q} \leq 0.05$). The Gene Ontology (GO) ([@bib51]) term analysis based on the differentially expressed genes was carried out using [@bib23], [@bib24]).

### Fluorescence Immunostaining {#sec4.4.13}

Adult mice from ChR2-eYFP^MCH^ and Synaptophysin-tdTomato^MCH^ lines were perfused with 4% PFA in PBS. Brains were postfixed with 4% PFA for 4 hr and incubated in 20% sucrose in PBS overnight for cryoprotection. Frozen brains were cut on a cryostat and the sections were kept in anti-frozen medium. The floating sections were stained with GFP antibody (A6455, Thermo Fisher Scientific, 1:1000, Rabbit) for ChR2-eYFP^MCH^ mice and DsRed (632496, Clontech, 1:1000, Rabbit) for Synaptophysin-tdTomato^MCH^ mice. Brains were co-stained with anti-Vimentin (AB5733, Merck Millipore, 1:2000, Chicken) and DAPI (62248, Thermo Fisher Scientific, 1:1000). Staining procedure was performed as previously described ([@bib21]). Secondary antibodies: goat anti-Rabbit, Alex488 (A11008, Thermo Fisher Scientific); goat anti-Chicken, Alex 641 (A21449, Thermo Fisher Scientific). For pStat3 analysis, hM3Dq^MCH^ mice and control litter mates at the age of 10-13 weeks were treated with leptin treatment for 45 min. Mice were perfused with 2% PFA in PBS. Removed brains were postfixed with 2% PFA for 2 hr and incubated in 20% sucrose in PBS overnight for cryoprotection. Every fourth section throughout the Arc was processed for pSTAT3 staining. Immunostaining procedure and pSTAT3 antibody were performed as previously described ([@bib50]).

For alternative assessment of leptin signaling, hM3Dq^MCH^ mice and control littermates at the age of 10-13 weeks were treated with leptin for 15 min. Mice were decapitated acutely 15 min after leptin injection. Brains were acutely removed and embed in O.C.T and frozen in cold isopentane with liquid nitrogen (−55°C). The frozen brain were cut into 20 μm-sections. Sections were fixed in 2% PF (paraformaldehyde) made in Phosphate Buffer, pH = 7.4 for 45-60 min and then rinsed in 0.02 M KPBS. Pretreatment of sections in 0.5% NaOH + 0.5% H~2~O~2~ (in 0.02M KPBS) for 20 min at room temperature, then sections were rinsed in 0.02 M KPBS for 5 min, 5 times. 0.3% Glycine (in 0.02M KPBS) for 10 min at room temperature, Then were rinsed again in 0.02M KPBS for 5 min, 5 times. After that, sections were rinsed with 0.03% SDS (in 0.02M KPBS) for 10 min at room temperature and then rinsed in 0.02M KPBS for 5 min, 5 times. Sections were incubated in blocking solution (4% Normal Goat Serum (NGS) + 0.3% Triton X-100 in 0.02M KPBS) for 30 min at room temperature. After blocking, primary antibody: Rabbit anti-pSTAT3 (Tyr 705) (Cell Signaling Ref\# 9131) was diluted respectively at 1:1000 in blocking solution and incubated sections for 48 hr at 4°C. Samples were rinsed with 0.02M KPBS for 5 min, 5 times and samples were incubated with secondary antibody (goat anti-Rabbit Alexa-568 and goat anti-Rat Alex-488) diluted at 1:500 in blocking solution for 2 hr at room temperature. Samples were rinsed again afterward with 0.02M KPBS for 5 min, 5 times and counterstained with Hoechst (1:10000 in 0.02M KPBS) for 3 min at room temperature and rinsed again and covered with coverslip slightly. Samples were kept at 4°C until imaging.

tdTomato^MCH^ reporter mice were perfused and stained similar to ChR2-eYFP^MCH-Cre^ and Synaptophysin-tdTomato^MCH^, but primary antibodies used were NeuN (ABN91, Merck Millipore) and VEGF antibody (ab52917, Abcam).

### *In situ* hybridization {#sec4.4.14}

Fluorescence *in situ* hybridization for simultanous detection of tdTomato and VEGFA, MCHR1 and DARPP32 was performed using RNAscope assays as previously described ([@bib4]). The tdTomato probe constitutes 20 oligo pairs, and targeted region 7-1382 (317041-C2, ACD RNAscope®), the VEGFA probe constitutes 20 oligo pairs and target region 946-2156 (Acc. No: [NM_001025257.3](ncbi-n:NM_001025257.3){#intref0100}, 412261-C3, ACD RNAscope®), The MCHR1 probe constitutes 20 oligo pairs, and targeted region 924-2145 (317491-C1, ACD RNAscope®). DARPP32 consititutes 20 oligo pairs and targeted regions 590-1674 (405901-C2, ACD RNAscope®).

### Imaging and quantification {#sec4.4.15}

Images were captured using a confocal Leica TCS SP-8-X microscope Tile scans and Z stacks with optical section-1.0 μm were obtained for the whole ARC and Median Eminence region

For quantification of Evans blue diffusion, the Evans Blue signal was directly visualized and imaged using a 10x objective in the defined region of interest in the ARC. Images from 16 sections of 10 μm thickness per bilateral ARC per animal were taken. The defined area of \~340,000 μm^2^ under identical imaging settings were isolated from the whole images and the mean gray values were calculated. The averaged value of total gray values from 16 sections per ARC per animal is the value as representative of one animal. For the comparison, the normalized gray value of each animal was normalized to the mean averaged gray value of control animals.

Quantitative analysis for tight junction organization and fenestrated capillary loops was performed as previously described ([@bib32]). The whole ARC was classified in 4 different zones (see [Figure S1](#mmc1){ref-type="supplementary-material"}). For fenestrated capillary loops, ARC regions from 20 μm sections were imaged under 20x glycerol lens and Z stacks with optical section-1.0 μm for quantification. MECA-32-immunoreactive vessels were visualized in zone 2, zone 3 and zone 4. The total number from zone 2 and zone 3 from 8 sections per ARC per animal were evaluated for statistical comparison. For tight junction organization, ZO-1 staining from 20 μm sections was imaged under 40x oil lens and Z stacks with optical section-1.0 μm for quantification. The ARC and Median Eminence were separately captured without tile scan. The pixel values from 8 sections in zone 2 and zone 3 per ARC per animals were averaged as a representative of one animal.

pSTAT3 positive cells were visualized in the ARC. The number of pSTAT3-positive cells in four different zones in the ARC were manually counted using ImageJ. The total number of ARC represent the sum of the average number of positive cells for sections in zone1-4 with 2-6 sections averaged per zone.

### Tanycyte primary cultures {#sec4.4.16}

Tanycytes were isolated from tissue explants containing the median eminence and the wall of the third ventricle from 10-day-old Sprague Dawley rats (Janvier, France) as described previously ([@bib45]). Briefly, tissue chunks were collected in culture medium (DMEM high-glucose medium containing 10% fetal calf serum, 1% penicillin/streptomycin, and 2 mM L-glutamine, Thermo Fisher) on ice and were scraped through a nylon mesh (20 μm, Merck Millipore), centrifuged and resuspended in fresh culture medium. Dissociated cells were plated in 75 cm^2^ culture flasks and maintained under humid atmosphere of 5% CO~2~-95% air at 37°C. Culture medium was first changed after 10 days and subsequently every 2-3 days. When cultures reached confluency, cells were passaged using trypsin/EDTA digestion and plated in 6-well plates for experiments. At 70% of confluency, tanycytes were placed into serum-free medium (DMEM/F12 without phenol red, 1% penicillin/streptomycin and 2 mM L-glutamine, all from Thermo Fisher) containing 5 ug/mL insulin (Sigma-Aldrich, USA) and 100 μM putrescine (Sigma-Aldrich, USA) for 2 days. One hour before the experiment started, cells were placed in fresh serum-free medium and treated with MCH 1 μM (Bachem, ref: H-1482) or PBS. After treatment, cells were briefly washed in ice-cold PBS and snap-frozen on dry ice.

### Immunoblotting {#sec4.4.17}

Cells were lysed in 100 μL in freshly prepared lysis buffer (pH 7.4, 25 mM Tris, 50mM β-glycerophosphate, 1.5 mM EGTA, 0.5 mM EDTA, 1 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 10 mg/ml leupeptin and pepstatin, 10 mg/ml aprotinin, 100 mg/ml phenylmethyl sulfonyl fluoride and 1% Triton X-100). The cells lysates were cleared by centrifugation at 12,000 g for 15 min and protein content was determined using the Bradford method (BioRad, Hercules, CA). We added 4x sample buffer (Invitrogen) and 10x reducing agent (Invitrogen) to the samples and boiled them for 5 min before electrophoresis at 150V for 60 min in precast 3%--8% SDS--polyacrylamide Tris-acetate gels according to the protocol supplied with the NuPAGE system (Invitrogen, Carlsbald, CA). When necessary, the samples were stored at --80°C until use. After size-fractionation, the proteins were transferred onto Nitrocellulose membranes (0.2 mm pore-size membranes; LC2002; Invitrogen) in the blot module of the NuPAGE system (Invitrogen) for 75 min in ice. Membranes were blocked for 1 hr in TBS with 0.05% Tween 20 (TBST) and 5% non-fat milk at room temperature, incubated overnight at 4°C with their respective primary antibodies and washed four times with TBST before being exposed to horseradish peroxidase-conjugated secondary antibodies diluted in 5% non-fat milk-TBST for 1 hr at room temperature. The immunoreactions were detected with enhanced chemiluminescence (NEL101, PerkinElmer, Boston, MA). The mouse monoclonal anti-actin (A5441 Sigma; 1:5,000), rabbit monoclonal anti-phospho-AKT (Ser473; 4060 Cell Signaling; 1:1,000), rabbit monoclonal anti-AKT (4691 Cell Signaling; 1:1,000), rabbit polyclonal anti-phospho- p44/42 MAPK (p-Erk1/2) (9101 Cell Signaling; 1:1,000), rabbit polyclonal anti-p44/42 MAPK (Erk1/2) (9102 Cell Signaling; 1:1,000) were used. Secondary antibodies used for western blotting detection (anti-mouse (1:2,000) and anti-rabbit (1:2,000), all horseradish peroxidase-conjugated) were purchased from Sigma and Vector Laboratories.

### cAMP assays {#sec4.4.18}

Primary tanycytes were seeded in 12 wells plates; at 70% confluency, cells were placed into serum-free medium (DMEM/F12 without phenol red, 1% penicillin/streptomycin and 2 mM L-glutamine, all from Thermo Fisher) and 5ug/mL insulin and 100 μM putrescine (last two from Sigma-Aldrich, USA)) for 2 additional days. 1 hr before the experiment, cells were placed into fresh serum-free medium and treated with MCH 1 μM (Bachem, H-1482), 0, 15, 30, 60 min in the presence or absence of Forskolin 10 μM (Cell Signaling, 3828), which was added 15 min before stopping treatment. At the end of the treatment, cells were washed 3 times with ice-cold PBS and 600 μL of 1x lysis buffer was added to each well. Then, cAMP levels were assessed following the instructions of the kit's datasheet (Cell signaling, 4339).

### Isolation of hypothalamic tanycytes using Fluorescence Activated Cell Sorting {#sec4.4.19}

Median eminences from tat-cre-injected tdTomato^loxP/loxP^ mice fed *ad libitum* (n = 8), were microdissected, and enzymatically dissociated using Papain Dissociation System (Worthington, Lakewood, NJ) to obtain single-cell suspensions as described previously ([@bib32]). FACS was performed using an EPICS ALTRA Cell Sorter Cytometer device (Beckman Coulter, Inc.). The sort decision was based on measurements of tdTomato fluorescence (excitation: 488nm; detection: bandpass 675 ± 20nm) by comparing cell suspensions from tdTomato positive and wild-type animals. For each animal, around 5000 tdTomato positive cells were sorted directly into 10 μL extraction buffer: 0.1% Triton® X-100 (Sigma-Aldrich) and 0.4 U/μl RNaseOUT™ (Life Technologies).

### Quantitative RT-PCR analyses {#sec4.4.20}

For gene expression analyses, mRNAs obtained from FACS-sorted cells were reverse transcribed using SuperScript® III Reverse transcriptase (Life technologies) and a linear preamplification step was performed using the TaqMan® PreAmp Master Mix Kit protocol (P/N 4366128, Applied Biosystems). Real-time PCR was carried out on Applied Biosystems 7900HT Fast Real-Time PCR System using exon-boundary-specific TaqMan® Gene Expression Assays (Applied Biosystems): Mchr1 (Mchr1-Mm00653044_m1) and Control housekeeping genes: r18S (rn18S-Mm03928990_g1); ACTB (Actb-Mm00607939_s1). Gene expression data were analyzed using SDS 2.4.1 and Data Assist 3.0.1 software (Applied Biosystem).

### Electrone Microscopy {#sec4.4.21}

To visualize MCH nerve terminals in the median eminence at the ultrastructural level, we used a preembedding immunogold procedure. Briefly, brains of Synaptophysin-tdTomato^MCH^ mice were perfusion-fixed with 2% paraformaldehyde, 0.2% picric acid, 0.25% glutaraldehyde in 0.1 M phosphate buffer at room temperature and post-fixed overnight at 4°C. Brains were then, cut into on 80 μm thick coronal sections on a vibratome in 0.1 M PBS. Brain sections underwent aldehyde inactivation in sodium tetrahydroborate (0.1% in PBS) for 15 min, followed by permeabilization with Triton X-100 (30 min, 0.05% in 0.1 M PBS). The tissue was incubated for 40 min in a blocking solution containing 1% of BSA and 1% of normal goat serum before overnight incubation at 4°C in rabbit anti-DsRed antibodiy (632496, Clontech, 1:500, Rabbit) in incubation buffer (Triton 0.01%, BSA 0.1% and normal goat serum in PBS). Sections were then incubatred with ultra-small gold conjugate of F(ab')2 goat anti-rabbit (1:50, Aurion, 800.166) 2.5 hr at room temperature and post-fixed with 2% of glutaraldehyde 30 min at room temperature. Sections were then washed in Aurion enhancement conditioning solution (500.055). Silver enhancement was performed using Aurion silver enhancement reagents (Aurion R-Gent SE. EM, 500.033) 1 hr at room temperature and sections were postfixed with 0.5% OsO~4~ in phosphate buffer for 15 min at room temperature.

To determine the effect of the activation of MCH neurons on the fenestration of the ME capillary loops running along the wall of the third ventricle and reaching the ventromedial ARC, CNO-treated hM3Dq^WT^ and hM3Dq^MCH^ mice were killed by decapitation and tissue fragments containing ME and ARC microdissected under a stereomicroscope and immersion-fixed for 1 hr in 2% paraformaldehyde, 0.2% picric acid, 1% glutaraldehyde in 0.1 M phosphate buffer at room temperature and post-fixed overnight at 4°C. After rinses in 0.1 M phosphate buffer, tissue fragments were postfixed with 1% OsO~4~ for 1 hr at room temperature.

Tissues were then dehydrated through a graded series of ethanol and propylene oxide and embedded in Araldite. Semithin sections (1--2 μm thickness) were used to progressively approach the ME and ultrathin sections (80--90 nm thickness) of the region of interest were collected on Parlodion 0.8%/isoamyl acetate-coated 100 mesh grids (EMS, Fort Washington, PA). The sections were then counterstained with uranyl acetate and lead citrate before observation. Ultrathin immunolabelled sections were observed using a Zeiss transmission electron microscope 902 (Restec, Zaventem, Belgium) and images were acquired using a Gatan Orius SC1000 CCD camera (Gatan France, Grandchamp, France) at a magnifications of 7,000 x and 20,000x. All ultrastructural analyses were performed in Zone 3 (Bregma −1.82 mm; [Figure S1](#mmc1){ref-type="supplementary-material"}).

### Ca^2+^ imaging in ME slices *in vitro* {#sec4.4.22}

To measure \[Ca^2+^\]~i~ in response to ATP, MCH, glutamate and baclofen stimulation in tanycytes, acute brain slices were loaded with Fura-2 AM. Slices were incubated with Fura-2 AM (12.5 μg/ml with 0.5% DMSO and 0.05% pluronic 127, Invitrogen) in low glucose aCSF for 30 min at 37°C. Then, they were incubated in aCSF containing probenecid (1.25 mM, 30 min 37°C) and stored at 4°C before measurement.

\[Ca^2+^\]~i~ was measured using a high-speed calcium imaging setup (Till Photonics) mounted on the Axio Examiner D1 upright fluorescent microscope (Zeiss) coupled to the polychrome V monochromator and a high-speed CCD camera (Retiga EXi-blue, QImaging). Data acquisition and quantification were done using life acquisition and offline analysis software (FEI GmbH Munich, formerly Till Photonics). Brain slices were placed in a flow chamber. For the ratiometric measurement of Fura-2 we used excitation wavelengths 340 and 380 nm. Changes in the fluorescence ratio of F~340~/F~380~ (ΔF) were normalized to basal mean values of the first 30 s (F~0~) of each ROI and were shown as (ΔF/F~0~).

After 1 hr of recovery in the measurement buffer (ACSF; CO~2~, 5%; O~2,~ 95%; pH, 7.4; flow rate, 2 ml/min) stimuli, ATP, glutamate, baclofen and phaclofen were applied via the bathing medium. MCH was administered directly to the brain slice with a patch pipette. The patch pipette was placed in the lumen of the 3^rd^ ventricle. One min after starting the measurement, MCH (H-1482 from Bachem, 1 mM, 2 μl over 30 s), glutamate (G1626 SIGMA, 100uM), baclofen (0417, Tocris), and ATP (1 mM, 2 μl over 30 s through a glass pipette; or 100 μM during 30 s in the perfusion medium) or ACSF (2 μl over 30 s) were administered to the slice.

Quantification And Statistical Analysis {#sec4.5}
---------------------------------------

For qualitative experiments (i.e., [Figures 1](#fig1){ref-type="fig"} and [7](#fig7){ref-type="fig"}), representative images from 3-5 independent reporter mice are shown.

For quantitative analyses, littermates were analyzed. Similar data were obtained in at least two independent cohorts, and the pooled results for the animal numbers indicated in the figure legends are displayed.

All data from animals, which underwent *in vivo* experiments were collected and included into analysis without any outlier exclusions. Only in optogenetic experiments ([Figures 5](#fig5){ref-type="fig"}E, 5F, [S5](#mmc1){ref-type="supplementary-material"}B, S5E, and S5F), data of animals with histologically verified correct fiber placement were included into the analysis. Experiments were performed in non-blinded manner except assessment of circulating hormones (Insulin, Leptin, Ghrelin, and Corticosterone) and insulin and glucose tolerance tests, which were performed in a blinded manner. For paired comparison experiments (i.e., leptin sensitivity and axitinib treatment), animals were randomly assigned among genotypes and treatments in a cross-over design and animals were allowed to recover at least for a week until next treatment.

Data presentation with bar graph was expressed as min to max value and mean value marked as "+" except [Figure S6](#mmc1){ref-type="supplementary-material"}A, which is expressed as mean ± SEM. Data presentation with statistical analysis were conducted using GraphPad Prism (version 8.0). All the data for genotype comparison were analyzed using unpaired, two-tailed Student's t test, except the leptin sensitivity comparison, where a paired, two-tailed Student's t test was employed. The data to compare between both groups and genes, or both groups and time points, Two-way ANOVA was used for statistics. All p values below to 0.05 were considered significant. ^∗^p ≤ 0.05, ^∗∗^p ≤ 0.01, and ^∗∗∗^p ≤ 0.001, ^∗∗∗∗^ p ≤ 0.0001.
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